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INTRODUCTION 

b u s t i o n  of f u e l s  i s  d i r e c t e d  p r i m a r i l v  a t  h i a h  s u l f u r  c o n t e n t  
c o a l  and r e s i d u a l  f u e l  o i l  [l] . O f  t h e  f o u r  b a s i c  s o u r c e s  o f  
nr imary  enerqy ,  heavy f u e l  o i l  may be  t h e  b e s t  hone f o r  mee t inF  
s h a r n l y  i n c r e a s i n g  energv demands i n  t h e  n e a r  f u t u r e  [2]  . The 
above two f a c t o r s  combined, l e a d  t o  s i g n i f i c a n t  i n t e r e s t  i n  
methods of heavy f u e l  o i l  d e s u l f u r i s a t i o n .  One method f o r  r e -  
movinFr, s u l f u r  from f u e l  o i l  i s  t r i c k l e - b e d  h y d r o d e s u l f u r i s a t i o n .  
Hydrogen and o i l  a r e  nas sed  c o c u r r e n t  downflow over  a f i x e d  bed 
of c a t a l y s t  a t  e l e v a t e d  t e m n e r a t u r e s  and n r e s s u r e s .  Th i s  aunroach  
has  r e c e n t l y  been commercial ly  proven [ 3  ] . H y d r o t r e a t i n g  of 
res iduum o i l s  i n  t h i s  way h a s  r e v e a l e d  t h e  n re sence  of  (un-  
d e s i r a b l e )  d e m e t a l l a t i o n  r e a c t i o n s  t a k i n g  n l a c e  i n  n a r a l l e l  
w i t h  t h e  d e s i r e d  d e s u l f u r i s a t i o n  r e a c t i o n s  [ 4 ]  . Organometa l l ic  
c o n s t i t u e n t s  of  t h e  o i l ,  n r i m a r i l y  vanadium, n i c k e l  and i r o n ,  
r e a c t  o u t  of  t h e  o i l  and combine w i t h  hydrogen s u l f i d e  t o  
Droduce s o l i d  d e p o s i t s  of  metal s u l f i d e s .  The d e n o s i t i o n  o f  
t h e s e  r e a c t i o n  p r o d u c t s  occur  b o t h  i n t e r  and i n t r a - n a r t i c l e .  
The i n t r a - n a r t i c l e  d e n o s i t s  d e c r e a s e  t h e  e f f e c t i v e  d i f f u s i v i t y  
o f  t h e  c a t a l y s t  p a r t i c l e s  f o r  d e s u l f u r i s a t i o n ,  t h u s  caus ing  
d e a c t i v a t i o n  by a pore-Dlugging mechanism [ 5 ]  . I n  t h i s  
e a r l i e r  Oaner approximate  methods were o u t l i n e d  t o  u r e d i c t  
c a t a l y s t  l i f e  f o r  v a r i o u s  f eed - s tocks  a t  a n a r t i c u l a r  l i a u i d  
hour ly  sDace v e l o c i t y  (LHSV) and d e s u l f u r i s a t i o n  conve r s ion .  
However, D r e d i c t i o n s  were based  on p o r e  d i f f u s i o n  t h e o r y ,  
i n i t i a l l y  deve loped  by T h i e l e  [6] , s o  t h a t  no n a r t i c u l a r  
po re  model was r e q u i r e d .  T h i s  meant t h a t  c a t a l y s t s  w i t h  
d i f f e r e n t  p o r e  s i z e  d i s t r i b u t i o n  could  n o t  be  ranked f o r  de-  
s u l f u r i s a t i o n  per formance .  I n  a d d i t i o n ,  no re  nlugginp, e f f e c t s  
were averaged ove r  t h e  e n t i r e  r e a c t o r  l e n g t h .  A b e t t e r  annroach 
would b e  t o  l o o k  more c l o s e l y  a t  t h e  t o n  o f  t h e  r e a c t o r  where 
t h e  me ta l s  d e p o s i t i o n  r a t e  i s  g r e a t e s t .  I f  n o r e  n l u c e i n g  by 
m e t a l s  i s  cons ide red  t o  be t h e  D r i m a r y  mode of  c a t a l y s t  d e a c t i v a -  
t i o n ,  t h e  d e a c t i v a t i o n  wave would p robab ly  beg in  a t  t h e  t o n  
o f  t h e  bed and t h e n  sween down t h e  r e a c t o r .  

h y d r o d e s u l f u r i s a t i o n  by a Dore-plugging mechanism i n  combinat ion 
w i t h  coking e f f e c t s . S i m a l e  c a t a l y s t  Dore s i z e  d i s t r i b u t i o n s  a r e  
compared i n  d e s u l f u r i s a t i o n  s e r v i c e .  P rocess  c o n d i t i o n s  are 
v a r i e d  t o  show t h e i r  i n f l u e n c e  on c a t a l y s t  l i v e s .  P r e d i c t i o n s  
are compared w i t h  some a v a i l a b l e  commercial d a t a .  

The r e g u l a t i o n  of  s u l f u r  ox ide  emis s ions  from t h e  com- 

This  pape r  c o n s i d e r s  c a t a l y s t  d e a c t i v a t i o n  i n  res iduum 

PROPOSED MODEL FOR CATALYST DEACTIVATION 
The pore-Dlugginq concept  was DrODOSed some y e a r s  

ago by Hiemenz 
on f r e s h  and used c a t a l y s t  n e l l e t s . B e u t h e r  and Schmid [ 8 ]  
comDared t h e  e f f e c t s  o f  coke d e p o s i t s  on t h e  n h y s i c a l  n r o a e r t i e s  
of v a r i o u s  HDS c a t a l y s t s .  By comparing t h e  s u r f a c e  areas and 
po re  s i z e  d i s t r i b u t i o n s  of  f r e s h  and s n e n t  c a t a l y s t s ,  i t  was 
shown t h a t  t h e  ave rage  u o r e  r a d i u s  was reduced  on ly  s l i g h t l y  

[ 7  3 on t h e  b a s i s  o f  gas  n e r m e a b i l i t y  measurements 
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and t h a t  t h e  po re  s i z e  d i s t r i b u t i o n  ma in ta ined  annroximate ly  
t h e  same Dercentage  d i s t r i b u t i o n  i n  s n i t e  of a c o n s i d e r a b l e  
r e d u c t i o n  i n  s u r f a c e  a r e a .  It was observed  t h a t  t h e  coke 
c o n t e n t  o f  t h e  c a t a l y s t  i n c r e a s e d  ShaFDlg t o  an e a u i l i b r i u m  
l e v e l  i n  a s h o r t  t ime,  about  4 0  h o u r s . I t  was p o s t u l a t e d  t h a t  
t h i s  w a s  due t o  a p e r i o d  of u n c o n t r o l l e d  hydrocrackinE.  
Subsequent ly  , t h e  coke con ten t  of  t h e  c a t a l y s t  was observed  
t o  r e m a i n  c o n s t a n t  w i t h  i n c r e a s i n g  p r o c e s s  t ime.  

c a t a l y s t  is made up of  t h r e e  Darts. 
I t  i s  t h e r e f o r e  DroDosed t h a t  t h e  p o r o s i t y  of t h e  

RaDid, i n i t i a l  coke deDos i t ion  (Oc ) t a k e s  un about  o n e - t h i r d  o f  t h e  
I 

t o t a l  o o r o s i t y .  E q u i l i b r i u m  coke deDos i t ion  ( 0  ) arid me ta l  

s u l f i d e s  Dlugging (Elws)  t hen  s lowly  d e c r e a s e  t h e  remainder  
of t h e  c a t a l y s t  p o r o s i t y .  Th i s  s low u t i l i s a t i o n  of D o r o s i t y  
i s  i n c o m o r a t e d  i n t o  a Dore-Dlugging model. The l a t t e r  
assumes t h a t  on ly  a f r a c t i o n  of  t h e  o e l l e t  i s  e f f e c t i v e  
for t h e  d e m e t a l l a t i o n  r e a c t i o n s .  The f l u x  of  s u l f u r - c o n t a i n -  
i n g  molecules  i n t o  t h e  p e l l e t  i s  p r o g r e s s i v e l y  imoeded by 
t h e  d e o o s i t i o n  of  m e t a l  s u l f i d e s  and coke i n  t h e  c a t a l y s t  
o o r e s .  F iFure  l ( a )  . 

CE 

The b a s i s  f o r  t h e  Dore s t r u c t u r e  i s  Wheeler ' s  model 
[ 9  3 . The p e l l e t  i s  amrox ima ted  a s  a comDosite of Y 

p o r e s  each of  l e n g t h  L .  F igu re  l ( b ) .  
F i g u r e  1: Pore-u lugging  model of a c a t a l y s t  n e l l e t .  

where 

_._ 
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5 1  
The nore  wall  i s  n o t  a con t inuous  s o l i d  b u t  has many 

i n t e r s e c t i o n s  w i t h  o t h e r  D O F e S .  The c o n s t a n t  K1 i s  a c a t a l y s t  
parameter  and r e f l e c t s  t h e  s i z e  and shane of  t h e  n e l l e t  t o g e t h e r  
w i t h  i t s  Dore s i z e  d i s t r i b u t i o n .  The n a t u r e  of  t h e  nore-nlugEing 
model s u g g e s t s  t h a t  t h e  number of p o r e s  e f f e c t i v e  f o r  d e m e t a l l a t i o n  
(NE) is  some f r a c t i o n  of  t h e  t o t a l  g iven  by 

q r e f e r s  t o  a time averaged  e f f e c t i v e n e s s  f a c t o r  based t y D i c a l l y  
on e l e c t r o n  micro-probe a n a l y s e s  of metals D r o f i l e s  i n  s n e n t  
c a t a l y s t  from one long  l i f e  t e s t .  Other  c a t a l y s t s  w i t h  d i f f e r e n t  
po re  s i z e  d i s t r i b u t i o n s  can b e  compared w i t h  t h e  exne r imen ta l  
c a t a l y s t  f o r  D o t e n t i a l  d e m e t a l l a t i o n  caDaci ty  by 

NE = qhJ (4) 

Pore s i z e  d i s t r i b u t i o n s  used  i: t h i s  paner  are kent  s imnle  and 
fo l low Wheeler ' s  approach [ g ]  . For  a Maxwellian d i s t r i b u t i o n  
of po re  s i z e s  

(6) LM(r) = AM r e - r h o  

Yo i s  t h e  most p robab le  Dore r a d i u s  and i s  r e l a t e d  t o  ave rage  
c a t a l y s t  n r o p e r t i e s  by V 

S = 3po = 2 2  ( 7 )  
R 

The cor responding  po re  volume d i s t r i b u t i o n  i s  

OM(r) = 1 n r 2 . L M ( r ) . d r  ( 8 )  
The Maxwellian o r  l o g  normal  d i s t r i b u t i o n s  are  cons ide red  s i n c e  
t h e  Dore s i z e  d i s t r i b u t i o n  o f  some h y d r o d e s u l f u r i s a t i o n  c a t a l y s t s  
can  be aDDroximated i n  t h i s  way 
t i o n  o f  pore  s i ze s  

[lo] . F o r  a Gaussian d i s t r i b u -  

( 9  1 2 r  2 L G ( r )  = A G  exp-f3 (- -1) 
rO 

Q , ( r )  = in r2 ,  L G ( r ) . d r  (11) 
f3 i s  a parameter  o f  sharDness  for t h e  d i s t r i b u t i o n .  Wheeler showed 
t h a t  many g e l  t ype  c a t a l y s t s  have t h i s  tyDe o f  wore s i z e  d i s t r i b u -  
t i o n  [ 9 ]  . 

THB DEACTIVATION RATE 
Reac t ion  pa rame te r s  are now cons ide red  u s i n g  an 

e lementary  s o l u t i o n  f o r  d i f f u s i o n  and r e a c t i o n  i n  Dores  which 
are less  than  about  50% a v a i l a b l e  t o  t h e  r e a c t i o n  [ g ]  . This  can 
b e  j u s t i f i e d  from p r e l i m i n a r y  e s t i m a t e s  f o r  c a t a l y s t  l i f e  [ 5 ]  . 

F i g u r e  2 :  D i f f u s i o n  and r e a c t i o n  i n  a c y l i n d r i c a l  po re .  

X'O x=L 

2r 

L 
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Cons ide r ing  a f i r s t  o r d e r ,  i r r e v e r s i b l e  r e a c t i o n  i n  a c y l i n d r i c a l  n o r e  
and ba lanc ing  t h e  n e t  i n f l u x  aga ins t  t h e  r a t e  o f  r e a c t i o n  

n r 2  D - (g)x+dxl= 2nrdykc(x )  ( 1 2 )  

D iv id ing  through by d x  and l e t t i n g  dx+o, 
- d 2 c  2,sxr k c ( x )  n r  D dxz I .  

(13) 

T h i s  i s  t h e  fundamenta l  d i f f e r e n t i a l  e q u a t i o n  t h a t  is u s u a l l y  
s o l v e d .  However, when a l l  t h e  r e a c t a n t  d i f f u s i n g  i n t o  t h e  Dore i s  
consumed a t  some d i s t a n c e  X < e L , t h e n  e q u a t i o n  ( 1 2 )  can be 
s i m p l i f i e d  t o  D 

X 
P 

2ark  lo C(X)CIX 
clc m2 D(*) 

x = o  
C d c  Now can b e  aDproximated by 2 and t h e  exac t  r e a c t i o n  r a t e  
X 

P r- " 
on t h e  Dore wa l l  can be a q r o x i m a t e d  by 2 s r k  9. Enua t ion  (13) i s  

cO ( 1 5 )  C 
reduced to  n r 2  D $ = 2nrx k - 

P 2  P 

where X is t h e  p e n e t r a t i o n  l e n g t h .  
P 

x ? =& K2& ( 1 6 )  
The c o n s t a n t  K2  i s  dependent  on f e e d  t y n e  and Drocess  c o n d i t i o n s  
b o t h  of  which d e t e r m i n e  t h e  d e m e t a l l a t i o n  r e a c t i o n  r a t e .  

I f  t he  decay  of c a t a l y s t  i s  s low r e l a t i v e  t o  t h e  o i l  
r e s i d e n c e  t ime,  a q u a s i  s t e a d y  s t a t e  assumDtion can  be  made t o  
de t e rmine  t h e  d e c r e a s e  i n  Dore r a d i i  due t o  deDos i t ion  o f  r e a c t i o n  
p r o d u c t s  2 . e .  coke and metal s u l f i d e s .  T h i s  w i l l  t h e n  be  r e l a t e d  
t o  c a t a l y s t  d e a c t i v a t i o n .  

F igu re  3 :  D e p o s i t i o n  of  r e a c t i o n  Droducts  i n  c a t a l y s t  

( m - l ) t h  Dore 

p o r e s .  

_- -.____-. -.-. f FJm-l Dores 
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If t h e  nlugginp, m a t e r i a l  i s  s n r e a d  ove r  a l l  t h e  n o r e s  con ta ined  i n  
t h e  o u t e r  s e c t i o n  of  t h e  n e l l e t ,  t h e n  t h e  t h i c k n e s s  o f  d e n o s i t  6 t  
f o r  a f i n i t e  increment  of time A i s  g iven  by 

and 

X 
2a NE,m r m , t  m , t  

Assumhg t h a t  t h e  d e m e t a l l a t i o n  and d e s u l f u r i s a t i o n  f u n c t i o n s  o f  t h e  
c a t a l y s t  a r e  d e a c t i v a t i n g  a t  a m r o x i m a t e l g  t h e  same r a t e  
d e m e t a l l a t i o n  can b e  used t o  f o l l o w  d e s u l f u r i s a t i o n  f o u l i n g  r a t e s .  
S i n c e  t h e  o v e r a l l  d e m e t a l l a t i o n  r a t e  e a u a l s  t h e  f l u x  o f  m e t a l  
c o n t a i n i n g  molecules  i n t o  t h e  n e l l e t ,  

c111 , t h e n  

x* I 2 

(21) !'E,m r m , t  
m , t  . H [.HDMIt = Ft = m 

F,/Fo i s  a measure of  t h e  d e c r e a s e  i n  r e a c t i o n  r a t e  due  t o  no re  - -  
p lugg ing .  I n  c o n s t a n t  conve r s ion  o p e r a t i o n  t h i s  i s  u s u a l l y  comnensated 
by r a i s i n g  c a t a l y s t  t e m p e r a t u r e .  Assumina a Dower l a w  d e a c t i v a t i o n  
f u n c t i o n  2 2 

R~~~ a R~~~ 
t hen  

( 2 2 )  

( 2 3 )  

r e p r e s e n t s  the  number of  t imes  t h e  i n i t i a l  d e a c t i v a t i o n  r a t e  is 
i n c r e a s e d .  Fo i s  known from t h e  f r e s h  c a t a l y s t  D r o p e r t i e s  and 
s p e c i f i e d  Drocess  c o n d i t i o n s .  Ft can be c a l c u l a t e d  a t  any t ime 
ons t ream so  t h a t  a curve  of d e a c t i v a t i o n  r a t e  r a t i o  v e r s u s  Drocess  
time can be  c o n s t r u c t e d .  A v a l u e  of  5-10 f o r  t h i s  r a t i o  w i l l  
p robab ly  mean end-of-run under  p r a c t i c a l  c o n d i t i o n s .  

THE PORE PLUGGTNG RATE 
The ra te  of  d e p o s i t i o n  of r e a c t i o n  p r o d u c t s  i . e .  coke p l u s  

metal s u l f i d e s ,  can be e s t i m a t e d  from t h e  k i n e t i c s  o f  t h e  r e s p e c t i v e  
p r o c e s s e s .  Demeta l l a t ion  l i k e  d e s u l f u r i s a t i o n  can be r e p r e s e n t e d  
by second o r d e r  k i n e t i c s  
e x p l a i n e d  by c o n s i d e r i n g  t h e  o i l  as a spec t rum o f  compounds r e a c t i n g  
a t  d i f f e r e n t  r a t e s .  The e q u a l i t y  of d e s u l f u r i s a t i o n  and d e m e t a l l a t i o n  
s e l e c t i v i t i e s  iS a l s o  we l l  known f o r  a wide  r ange  of c rude  o i l  
s o u r c e s  [12] . 
i s o t h e r m a l  o p e r a t i o n  may be assumed f o r  f i n i t e  volume element  of  
r e a c t o r  of l e n g t h  81. Cons ide r ing  an i r r e v e r s i b l e ,  second o r d e r ,  
d e m e t a l l a t i o n  r e a c t i o n  t a k i n g  p l a c e  i n  t h e  c a t a l y s t  p o r e s ,  a mass 
ba lance  f o r  r e a c t a n t  i g i v e s  

[ e ]  , t h e  appa ren t  anomaly b e i n g  

For  an idea l ,  p l u g  f low r e a c t o r  o p e r a t i n g  a t  s t e a d y  s t a t e ,  
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C 
Fi 

l + A l  
o u t :  (LHSV)~B PF 

l + C R  _ .  k2 T(T)  

i 

I 1 A t  t h e  t o p  o f  t h e  r e a c t o r  where = 0, t h e  ra te  of  
d e p o s i t i o n  o f  metal s u l f i d e s  i n  t h e  f i r s t  l a y e r  i s  

A 1  . .  

4F 'Fi k 2  T(x) 
= M ~ ( L H S V ) B  c Fi l + C F  k 2 T ( 2 )  A 

i 

( 2 6 )  
I 

The c o n t r i b u t i o n  t o  t he  Dore-nlugging r a t e  from t h e  me ta l  s u l f i d e s  
i s  t h e  sum o f  a l l  t h e  d e p o s i t i n q  g u l f i d e s  d i v i d e d  by a d e n s i t y  
f a c t o r  

n i s  u s u a l l y  e q u a l  t o  2 ? . e .  vanadium and n i c k e l k s  was a s s i g n e d  
a v a l u e  o f  2 gm/cc based  on e a r l i e r  e s t i m a t e s  [SI. A d i s t r i b u -  
t i o n  f a c t o r  d i s  i n c l u d e d  t o  d i s t i n g u i s h  between metals d e p o s i t i n g  , 
i n t r a - p a r t i c l e  and i n t e r p a r t i c l e .  Based on vanadium and n i c k e l  
c o n c e n t r a t i o n s  i n  t h e  a sDha l t enes  and ma l t enes  f r a c t i o n  o f  o i l s ,  

res iduum.  
The coke c o n t r i b u t i o n  t o  t he  pore-Dlupging ra te  can  be  

deduced from t h e  obse rved  cons tancy  i n  coke c o n t e n t  of t h e  de- 
s u l f u r i s a t i o n  c a t a l y s t  d u r i n g  40-4OC hours  o f  o n e r a t i o n  [ 8 3  and 
50-1000 hours  of o p e r a t i o n  1131. A t  any t ime on-stream g r e a t e r  
t h a n  50 h o u r s ,  i t  f o l l o w s  t h a t  

g$  coke = 

/ 

( 2 7 )  1 
a n  

"TJlS '@ E RMSi 

t h i s  f a c t o r  i s  assumed t o  be 0 . 8  f o r  a S a f a n i y a  atmosDheric  1 

= c o n s t a n t  (28 )  

S i n c e  t h e  meta l  s u l f i d e s  d e p o s i t i o n  ra te  i s  c o n s t a n t  i n  c o n s t a n t  
conve r s ion  o p e r a t i o n ,  t h e  coklng  r a t e  can  b e  c a l c u l a t e d  from 
e q u a t i o n  (28 )  w i t h  some m o d i f i c a t i o n s  

'4l C 

'f + + 'MS 

t 
W C l + S 0  RC dt 

t (29 )  = o  
Wf + W c l +  I O R c  d t +  R M S . t  

Wc r e p r e s e n t s  t h e  ra  i d  i n i t i a l  coke lay-down a l r e a d y  d e s c r i b e d  

i f  Q i s  s p e c i f i e d .  A t y p i c a l  v a l u e  f o r  Q would b e  10 weight p e r  
c e n t  coke.  For t > 50 h o u r s ,  Rc can be w r i t t e n  i n  terms o f  RMs 

The p o r e  Dlugging ra te  due  t o  coke can  now be c a l c u l a t e d  u s i n g  a 
coke d e n s i t y  (pc> d e r i v e d  from two sets  of  data  [8]. A v a l u e  of 
0.7 gm/cc was c a l c u l a t e d .  

[8]. For  smal l  t ( g  50 h o u r s ) ,  RMSt+o, s o  t h a t  Wf may be found 

- Q  
Rc - RMS (30)  
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The total pore-plugging rate is given by 
(PIIT = (PlIc t (P1IMS ( 3 2 )  

For 10 weight Der cent coke on the catalyst, a total Dore wlugaine: 
rate of "N 1.3 RMS is calculated. 

The total pore-plugging rate is Dut into equation (17) to 
determine the reduction in Dore radii over the whole Dore size 
distribution, equation (6) for example. The decrease in radius will 
reduce the flux of metal containing molecules into the nores, 
equation (21). This flux is compared with the initial value to 
calculate the catalyst deactivation with time from eouation ( 2 3 ) .  

MAIN ASSUMPTIONS FOR RDS APPLICATIOYS 
To facilitate catalyst comparisons only one Darticular 

oil feedstock is considered, Safaniya (Khafji) atmospheric residuum. 
Its sulfur content is usually 4 weight Der cent with vanadium 
and nickel contents of about 75 and 25 aDm resvectively.Deposited 
sulfides were assumed to have the formulae V S and Ni S. 

The desulfurisation Derformance f o r  various catalysts 
was comoared by coupling their demetallation and desulfurisation 
functions. For a Safaniya atmosDheric residuum at LHSV=1.0 and 
a desulfurisation conversion of 751, effective diffusivity 
values of 6x10-8 and 3x10-7 cm2/sec. were estimated for demetalla- 
tion and desulfurisation resnectively 
ed from the eouation [ 6 ] .  

2 3  

[5] . Figure 4 was construct- 

(33) R2 1 
Deff 

Deff = 2 

( R ~ ~ ~ )  E - 

where D(O-OC ) 

(34)  I 

From Figure 4,effecBiveness factors for demetallation and desulfuri- 
sation were found to be 0.1 and 0.45 for a 0.16 cm (1/16 inch)dia- 
meter sDhere. Subsequent process condition changes leading to 
temperature changes were made by modifying the intrinsic activa- 
tion energy using the equation [14] . 

2 - q (35) 
EOBS 

Intrinsic activation energies for demetallation and desulfurisation 
were chosen as 30 and 40 kcals/gram mole. The latter value is 
realistic based on recent literature [15] when a value of 
38 kcals/gram mole was measured. The former value reflects the 
fact that metal-containing molecules are derived from the heavier 
portion of the feedstock (55OoC+) whereas the sulfur-containing 
molecules are derived from the whole boiling range (325OCt) of the 
oil. 

1500 psig, the coke level on the catalyst was assumed to be 10% 
by weight 
using the temnerature dependence of coke content found by 
Voorhies [16] . 
ed suitable f o r  hydrodesulfurisation was selected f o r  the wumose 
of making catalyst life Dredictions.Its pronerties are shown in 
Table 1 together with properties of two other catalyst which were 
also considered. 

At Drocess conditions of LHSV=1.0, 75% conversion and 

[13] . This level was adjusted for temwerature changes 

A ffstandardff catalyst whose DroDerties could be consider- 
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cat a l g s t  
r (Angstroms) 
V (micropores  
S m / g m  
R cm 

g 2  
g 

PB 
4 p  
shape 
B 
% rnacroDores ( >  600 A )  
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T a b l e  1 

Macrovores i? - s h i f t  
40 65 

"Standard 
40 

0.5 0.425 0.7 
2 50 212 215 
0.08 0.08 0.08 
0.7 
1.2 
s p h e r e  

5 

0.59 0.57 
1.02 0.97 

s p h e r e  
5 

s p h e r e  
5 

0 15 0 

The above c a t a l y s t  p r o p e r t i e s  were i n t e r - r e l a t e d  by t h e  

( 3 6 )  

Pore Volume d i s t r i b u t i o n s  o f  t h e  c a t a l y s t s  c o n s i d e r e d  s u b s e q u e n t l y  
a r e  shown i n  F i g u r e  5. 

e q u a t i o n  

sr; - 2 = IJg 

DISCUSSION OF MODEL PREDICTIONS 
The e f f e c t  o f  chang ing  p r o c e s s  c o n d i t i o n s  on c a t a l y s t  

l i f e  i s  shown i n  F i g u r e  6. The d e a c t i v a t i o n  r a t e  r a t i o  i s  p l o t t e d  
v e r s u s  hours  on-s t ream.  A t  an LHSV = 1.0 and 75% c o n v e r s i o n ,  
a c a t a l y s t  l i f e  o f  1000 h o u r s  i s  p r e d i c t e d .  T h i s  compares w i t h  
about  3300 h o u r s  ( z = 5 )  when t h e  c o n v e r s i o n  i s  d r o m e d  t o  63%.  
Another c u r v e ,  LHSV = 0.7 and 75% conver s ion  i s  shown i n  F i g u r e  6 .  
These c o n d i t i o n s  were chosen  f o r  comparison w i t h  d a t a  from t h e  
Gulf Tokyo D a D e r  [43, F i g u r e  4 and T a b l e  6 .  From t h e s e  d a t a  t h e  
c o n v e r s i o n  o f  75% was g i v e n  b u t  on ly  a " f i x e d "  sT)ace v e l o c i t y  is 
mentioned.  T h i s  h a s  b e e n  assumed t o  b e  0.7. With t h i s  assumpt ion ,  
the  pore -p lugg ing  model s u g g e s t s  a l i f e  of 4000 hours  compared t o  
4500-5000 hours  from t h e  Gulf Tokyo p a p e r .  Obviously more informa- 
t i o n  on c a t a l y s t  p r o p e r t i e s  and p r o c e s s  c o n d i t i o n s  i s  r e q u i r e d  
when commercial data  i s  Dub l i shed .  However, t h e  Dore-Dlugging model 
and t h e  i n i t i a l  a s s u m p t i o n s  g i v e  good order-of-magnitude comparisons.  

The e f f e c t s  of chang ing  t h e  p o r e  s i z e  d i s t r i b u t i o n  of 
t h e  " s t a n d a r d "  c a t a l y s t  and r - s h i f t  a r e  shown i n  F i g u r e  7. For a 
f i x e d  average  Dore d i a m e t e r ,  changing p o r e  s i z e  d i s t r i b u t i o n  has  
l i t t l e  e f f e c t  on c a t a l y s t  l i f e .  The l o g  normal  o r  Maxwellian 
d i s t r i b u t i o n  may have been  D r e d i c t e d  t o  g i v e  an i n c r e a s e d  l i f e  
because  o f  t h e  l l ta i l l l  i n  t h e  d i s t r i b u t i o n  b u t  s i n c e  t h e  most 
p r o b a b l e  p o r e  r a d i u s  is o n l y  l5A(=r 1, t h e  advan tage  of  t h e  b r o a d e r  
d i s t r i b u t i o n  i s  l o s t .  If t h e  Deak r g d i i ,  normal v e r s u s  l o g  normal 
were b o t h  t h e  same, t h e n  t h e  b r o a d e r  d i s t r i b u t i o n  could be  more 
e f f e c t i v e .  With a normal  d i s t r i b u t i o n ,  i n c r e a s i n g  t h e  average  pore  
r a d i u s  h a s  a b i g  effect  on c a t a l y s t  l i f e .  A v a l u e  of 2000 h o u r s  
i s  p r e d i c t e d  f o r  t h e  r - s h i f t  c a t a l y s t  i n  Tab le  1. T h i s  o r d e r  of  
magni tude e f f e c t  h a s  been  obse rved  f o r  t h i s  f e e d s t o c k  a t  t h e s e  
c o n d i t i o n s  [17 3 b u t  comple t e  data  i s  n o t  a v a i l a b l e .  

P u t t i n g  macropores  i n t o  t h e  c a t a l y s t  or d e c r e a s i n g  
p e l l e t  d i a m e t e r  a l s o  i n c r e a s e s  c a t a l y s t  l i f e .  The n e t  e f f e c t  i n  
b o t h  c a s e s  is t o  s u b s t a n t i a l l y  i n c r e a s e  t h e  number of  Dores a v a i l a b l e  
f o r  metal s u l f i d e s  d e p o s i t i o n .  I n  Tab le  1,1596 macropores have 
been s u b s t i t u t e d  f o r  mic ropore  volume and it i s  assumed t h a t  an 
i n c r e a s e  i n  e f f e c + , i v e  d i f f u s i v i t y  of ( x 3 )  i s  o b t a i n e d .  I n  F i g u r e  
8,  a c a t a l y s t  l i f e  of  2000 h o u r s  i s  p r e d i c t e d  compared t o  1000 
hours  f o r  t h e  zero-macropores  v ls tandard"  c a t a l y s t .  P a r t i c l e  s i z e  
e f f e c t s  a r e  g r e a t e r  s i n c e  t h e  i n c r e a s e  i n  number o f  a v a i l a b l e  
p o r e s  i s  e f f e c t i v e  on t h e  unchanged " s t a n d a r d "  c a t a l y s t  micro- 

_ _  - .  
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p o r o s i t y  ( = 0 . 6 ) .  A l i f e  of  3000 hours  i s  Dred ic t ed  ? . e .  an 
i n c r e a s e  of ( x 3 )  when p e l l e t  d i ame te r  i s  reduced by ( x 2 ) .  I f  
r e a c t o r  Dressu re  d rop  Droblems a r e  l i k e l y ,  t h e n  macroDores must b e  
cons ide red  f irst  f o r  i n c r e a s i n g  c a t a l y s t  l i f e .  The a m r o a c h  i s  
l i m i t e d  however by t h e  d e c r e a s i n g  s t r e n g t h  o f  t h e  D e l l e t  a s  
P o r o s i t y  i s  i n c r e a s e d .  A l t e r n a t i v e l y ,  changinp: r e a c t o r  d e s i g n ,  
r a d i a l  f low i n s t e a d  of  a x i a l  f low 
p a r t i c l e s  t o  be u s e d ,  about  0.5 mm d i ame te r .  C a t a l y s t  l i f e  would 
t h e n  b e  s u b s t a n t i a l l y  i n c r e a s e d .  

n a t u r e  i . e .  macropores  , r - s h i f t  and p a r t i c l e  s i z e .  The chemica l  
COmpOSitiOn of t h e  c a t a l y s t  was n o t  changed. The r o l e  of  coke i n  
pore-p lugging  does  s u g g e s t  t h a t  i n c r e a s i n g  t h e  hydrogena t ion  func-  
t i o n  of t h e  c a t a l y s t  may i n c r e a s e  c a t a l y s t  l i f e  e . g .  n i c k e l  as a 
"k icke r " .  If  n i c k e l  was s u b s t i t u t e d  f o r  D a r t  of t h e  c o b a l t  t hen  
some d e s u l f u r i s a t i o n  a c t i v i t y  might be l o s t  s i n c e  t h e  optimum 
cobalt/molybdenum r a t i o  has been changed [lg] . The n e t  e f f e c t  
would be t o  l o s e  some i n i t i a l  a c t i v i t y  bu t  more micro-Doros i ty  
would be a v a i l a b l e  due t o  a lower e q u i l i b r i u m  coke l e v e l  on t h e  
c a t a l y s t .  T h i s  i s  t h e  basis f o r  F i g u r e  9 when t h e  coke l e v e l  of 
t h e  " s t anda rd"  c a t a l y s t  was assumed t o  be reduced  from 10% t o  7 %  
due t o  i n c r e a s i n g  t h e  hydrogena t ion  f u n c t i o n  of t h e  c a t a l y s t .  The 
c a t a l y s t  l i f e  i s  seen t o  be  i n c r e a s e d  from 1000 t o  1500 hours(z=5). 

The e f f e c t  o f  changing p r o c e s s  n r e s s u r e  a l s o  i l l u s t r a t e s  
t h e  coke c o n t r i b u t i o n  t o  t h e  Dore p lugg ing  d e a c t i v a t i o n  model. 
F igu re  9 shows t h a t  r educ ing  p r e s s u r e  from 1500 n s i n  t o  800 
p s i g  d e c r e a s e s  c a t a l y s t  l i f e  by (x2). An obvious  way t o  compensate 
i s  by d e c r e a s i n g  LHSV e .g .  from 0.7 t o  0 . 5 ,  a r a t i o  o f  1 . 4 .  A t  
t h e  lower space  v e l o c i t y ,  a p r e d i c t i o n  of 5000 hour s  i s  o b t a i n e d  and 
t h e  c a t a l y s t  l i f e  i s  now Close  t o  t h e  1500 D s i g  c a s e .  This  
space  v e l o c i t y  e f f e c t  w i t h  Dressu re  comDares f a v o r a b l y  w i t h  t h e  
E s s o  Tokyo DaDer, F i g u r e  7 ,  [ 4 ]  . Data  showed t h a t  c a t a l y s t  l i f e  
was t h e  same when o p e r a t i n g  a t  1500 and 800 p s i g  Drovided m a c e  
v e l o c i t y  comDensation was emDloyed. The r e l a t i v e  c a t a l y s t  a c t i v i t y  
i n  t h e  Esso data  was a l s o  about  1 . 4 .  

CONCLUSIONS 

elow t r i c k l e - b e d  r e a c t o r s  h a s  been proDosed i n  o r d e r  t o  q u a n t i t a -  
t i v e l y  d e s c r i b e  c a t a l y s t  d e a c t i v a t i o n .  The po re -o lugg inn  is  due t o  
t h e  d e p o s i t i o n  of r e a c t i o n  Droducts ,  m e t a l  s u l f i d e s  and coke ,du r ina  
t h e  ( d e s i r e d )  d e s u l f u r i s a t i o n  r e a c t i o n .  The d e s u l f u r i s a t i o n  and 
d e m e t a l l a t i o n  r e a c t i o n s  were cons ide red  i n  D a r a l l e l  i n  o r d e r  t o  
make p r e d i c t i o n s  f o r  c a t a l y s t  l i f e .  A s i m p l i f i e d  approach  was t aken  
i n  d e s c r i b i n g  c a t a l y s t  p o r e  s i z e  d e s t r i b u t i o n s  and a m r o x i m a t i n g  
t h e  equa t ions  f o r  d i f f u s i o n  and r e a c t i o n  i n  a c a t a l y s t  n o r e .  

c o n d i t i o n s  and c a t a l y s t  Darameters  were changed.  A s  a check on t h e  
i n i t i a l  assumpt ions  and t h e  s i m D l i f i e d  approach ,  comparison w i t h  
commercial d a t a  was made and showed good order -of -magni tude  ag ree -  
ment. 

more data becomes a v a i l a b l e .  Design o f  new and improved c a t a l y s t s  
and r e a c t o r  systems shou ld  be t h e  r e s u l t .  

[18] , would a l l o w  s m a l l e r  

C a t a l y s t  chanaes have p r e v i o u s l y  been p h y s i c a l  i n  

A pore-p lugging  model f o r  res iduum hydronrocess ing  i n  a x i a l -  

P r e d i c t i o n s  f o r  c a t a l y s t  l i f e  were made when v r o c e s s  

A more r i g o r o u s  aDproach shou ld  now be  cons ide red  a s  
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NOMENCLATURE 

a b s o l u t e  f r e a u e n c y  of Dore s i z e s  * M , ~ G  

cO 

C 

D 

Ft 

k2 
K1 

‘ k  

K2 
L 
L M ( r )  

n 
N 

NE 

p lC  

plT 

r O  

R~~~ 
R~~~ 

R C  

”MS 

Q 
r 

RMS 

S 
S a 
V 

Wf 

wMIs 

(LHSV) 
D e f f  

E~~~ 
EOBS 
R 
Z 

c o n c e n t r a t i o n  of r e a c t a n t ,  m e t a l  c o n t a i n i n g  molecules  , 
i n s i d e  t h e  c a t a l y s t  Dores ,  mol. cm-3. -3 c o n c e n t r a t i o n  of  r e a c t a n t  a t  t h e  no re  mouth.mo1. cm . 
d i f f u s i v i t y  o f  m e t a l  conta in ine :  molecules  i n  t h e  o i l ,  
cm2 s e c  . -1. 
f l u x  of me ta l  c o n t a i n i n g  molecules  i n t o  t h e  n e l l e t  
at t i m e  t ,  rnols. h r - 1  gm-1. 
f i rs t  o r d e r  i n t r i n s i c  r e a c t i o n  r a t e  cons tan t ,cm s e c .  . 
second o r d e r  r e a c t i o n  r a t e  c o n s t a n t  , cm3 hr-Imo1-l. 

D o r e  D e n e t r a t i o n  Darameter ,  equa t ion  (16), cm. 
nore  l e n g t h ,  e a u a t i o n  ( 2 ) ,  cm. 
t o t a l  l e n g t h  of Dores o f  r a d i u s  r D e r  gram o f  c a t a l v s t  
i n  Maxwellian d i s t r i b u t i o n ,  cm e ; m - l .  
number o f  r e a c t a n t s  i n  t h e  f e e d .  
t o t a l  number of po res  p e r  gram of c a t a l y s t ,  e o u a t i o n  
( ? ) ,  gm-1. 
number of p o r e s  per gram of  c a t a l y s t  i n  which n o r e  D ~ U P F -  
i n g  o c c u r s ,  e q u a t i o n  ( 4 1 ,  gm-1. 
meta l  s u l f i d e  Dore Dlugging r a t e ,  cm3 h r - l  am-’. 
coke n o r e  p l u g g i n g  r a t e ,  cm3 h r - I  am-’. 
t o t a l  p o r e  p l u g g i n g  r a t e .  
coke on c a t a l y s t ,  % by we igh t .  
pore  r a d i u s ,  c m .  
m o s t  Drobable  u o r e  r a d i u s  i n  Maxwellian Dore s i z e  
d i s t r i b u t i o n ,  cm. 
d e s u l f u r i s a t i o n  r a t e  , m o l .  h r”  gm-’. 
d e m e t a l l a t i o n  r a t e ,  mol. hr gm . 
meta l  s u l f i d e s  d e n o s i t i o n  ra te  h r - l .  

coke d e p o s i t i o n  r a t e ,  hr . 
n e l l e t  s u r f a c e  a r e a ,  cm . 2  -1 
c a t a l y s t  s u r f a c e  a r e a ,  cm gm . 
D e l l e t  volume, ern . 
c a t a l y s t  po re  volume, em3 gm-l. 
f r e s h  c a t a l y s t  we igh t ,  gm. 
coke w e i g h t ,  g m .  
me ta l  s u l f i d e s  we igh t ,  gm. 
r e a c t a n t  p e n e t r a t i o n  l e n g t h  i n t o  t h e  Dore, 
l i q u i d  h o u r l y  sDace v e l o c i t y ,  hr-1.  
e f f e c t i v e  d i f f u s i v i t y  of c a t a l y s t  D e l l e t , e q u a t i o n ( 3 4 ) ,  

2 -1 cm . s e e  . 
i n t r i n s i c  a c t i v a t i o n  energy  k c a l s  .gm mol-’, 
observed a c t i v a t i o n  eneray  k c a l s  . gm mol-’. 
r a d i u s  of  c a t a l y s t  p e l l e t ,  cm. 
c a t a l y s t  d e a c t i v a t i o n  r a t e  r a t i o .  

-1 

c a t a l v s t  p a r a m e t e r ,  e q u a t i o n  ( 3 ) ,  cm 2 Em -1 . 

-1 -1 

-1 
2 

3 
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NOMENCLATURE I 

/ Greek l e t t e r s .  
6 t h i c k n e s s  of de-oosi t  i n  c a t a l y s t  Dores ,  cm. 
A element  of t ime f o r  r e a c t i o n ,  h r .  
A 1  l e n g t h  of  volume element  i n  p l u g  f low r e a c t o r , c m .  
0 t o t a l  c a t a l y s t  n o r o s i t y .  
B c a t a l y s t  p o r o s i t y  l o s t  t o  coke d u r i n p  raDid i n i t i a l  

0 c a t a l y s t  p o r o s i t y  l o s t  t o  coke a f t e r  i n i t i a l  coke 

OMS 

cI d e a c t i v a t i o n .  

CE format  i o n .  
c a t a l y s t  p o r o s i t y  l o s t  t o  metal s u l f i d e s  a f t e r  i n i t i a l  
coke fo rma t ion .  
" t ime averaged"  e f f e c t i v e n e s s  f a c t o r .  
coke d e n s i t y ,  gm. c c - f .  
c a t a l y s t  b u l k  d e n s i t y ,  gm, cc  . 
d e n s i t y  of  f e e d  s t r e a m ,  gm cc . 

-1 metal s u l f i d e s  d e n s i t y ,  gm. c c  . 
c a t a l y s t  p a r t i c l e  d e n s i t y  gm CC:: 
c a t a l y s t  s k e l e t a l  d e n s i t y  gm cc  

-1 

-1 

i)c 

$MS 

f J 3  
P F  

& 
S u b s c r i p t s .  
A ,B c a t a l y s t  w i t h  d i f f e r e n t  p o r o s i t y  d i s t r i b u t i o n s .  
m any Dore i n  t h e  c a t a l y s t  o f  r a d i u s  r .  
t any t i m e  on-stream ( >  50 h o u r s ) .  
0 time i n i t i a l  f o r  n o r e  p lugg ing  ( =  50 h o u r s ) .  
i any r e a c t a n t  i n  t h e  f e e d .  

I 
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Figxe 4: Catalyst particle diameter v. effective diffusivity. 

Effective diffueivity (cm.3sec.: 

Figure 5: Catalyst pore size distributions. 
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P i i : m  <?: Effnct n f  nacrognr[!r,,;lnrticle size m :;::t.al:;st l i f e .  
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F i e r e  9: Ef fec ts  of coke, t o t a l  pressure on c a t a l y s t  l i f e .  
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